Background-Functional mitral regurgitation (FMR), a well-recognized component of left ventricular remodeling, is associated with increased morbidity and mortality in heart failure patients. Percutaneous mitral annuloplasty has the potential to serve as a therapeutic adjunct to standard medical care. Methods and Results-Patients with dilated cardiomyopathy, moderate to severe FMR, an ejection fraction Ͻ40%, and a 6-minute walk distance between 150 and 450 m were enrolled in the CARILLON Mitral Annuloplasty Device European Union Study (AMADEUS). Percutaneous mitral annuloplasty was achieved through the coronary sinus with the CARILLON Mitral Contour System. Echocardiographic FMR grade, exercise tolerance, New York Heart Association class, and quality of life were assessed at baseline and 1 and 6 months. Of the 48 patients enrolled in the trial, 30 received the CARILLON device. Eighteen patients did not receive a device because of access issues, insufficient acute FMR reduction, or coronary artery compromise. The major adverse event rate was 13% at 30 days. At 6 months, the degree of FMR reduction among 5 different quantitative echocardiographic measures ranged from 22% to 32%. Six-minute walk distance improved from 307Ϯ87 m at baseline to 403Ϯ137 m at 6 months (PϽ0.001). Quality of life, measured by the Kansas City Cardiomyopathy Questionnaire, improved from 47Ϯ16 points at baseline to 69Ϯ15 points at 6 months (PϽ0.001). Conclusions-Percutaneous reduction in FMR with a novel coronary sinus-based mitral annuloplasty device is feasible in patients with heart failure, is associated with a low rate of major adverse events, and is associated with improvement in quality of life and exercise tolerance. (Circulation. 2009;120:326-333.)
F unctional mitral regurgitation (FMR) is common in patients with advanced systolic heart failure. 1 In addition to contributing to morbidity, increasing degrees of FMR have been shown to increase mortality. 2 Medical therapy continues to be the standard of care for heart failure patients with FMR. 3, 4 For patients with FMR undergoing coronary artery bypass surgery, studies have demonstrated clinical benefit to surgical mitral valve repair. 5 Ongoing debate surrounds the risk-to-benefit ratio of this approach in terms of its influence on morbidity and mortality. 6, 7 Although single-arm surgical studies have been conducted to characterize the effects of treating FMR in advanced heart failure patients, 8, 9 no prospective randomized studies exist to show the benefit of surgically treating FMR.
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Increasing interest has been directed toward the nonsurgical management of valvular heart disease. Cardiac Dimensions Inc (Kirkland, Wash) developed a percutaneous, coro-nary sinus (CS)-based mitral annuloplasty device to treat FMR. 10 The feasibility of using this device (the CARILLON Mitral Contour System) to treat FMR was evaluated in a prospective, multicenter, single-arm study, the CARILLON Mitral Annuloplasty Device European Union Study (AMADEUS).
Methods
The primary objective of AMADEUS was to evaluate the safety of deploying the CARILLON implant ( Figure 1 ) in patients with FMR. Secondary objectives included an evaluation of long-term safety and an assessment of FMR reduction and hemodynamic and clinical changes. Hemodynamic changes and MR grade were characterized by echocardiography; clinical efficacy was assessed by changes in New York Heart Association (NYHA) classification, exercise tolerance, and quality of life.
Study Population
Patients with moderate heart failure were enrolled in this study. Key inclusion criteria included dilated ischemic or nonischemic cardiomyopathy, moderate to severe FMR, NYHA class II to IV, 6-minute walk distance between 150 and 450 m, left ventricular ejection fraction Ͻ40%, left ventricular end-diastolic diameter Ͼ55 mm, and age Ͼ18 years. Additional inclusion criteria stipulated that patients be on a stable heart failure medication regimen (ie, angiotensinconverting enzyme inhibitor [or angiotensin receptor blocker] plus a ␤-blocker for 3 months, with a stable dose for 1 month and an adjustable diuretic dose for 3 months) unless they had a documented intolerance to the medication. The trial investigators or their cardiology colleagues optimized the patients' medication regimen.
Key exclusion criteria included hospitalization in the past 3 months for myocardial infarction, history of coronary artery bypass graft surgery, or unstable angina; percutaneous coronary intervention in the past 30 days; both moderate FMR (2ϩ) and NYHA class II; requirement for cardiac surgery within 1 year; pacing lead in the CS; significant organic mitral valve pathology (eg, moderate or severe myxomatous degeneration or rheumatic disease); severe mitral annular calcification; compromised renal function as reflected by a serum creatinine Ͼ2.2 mg/dL; severe tricuspid regurgitation; and chronic atrial fibrillation.
Study Design
Prescreening for AMADEUS included an echocardiogram to rule out significant organic mitral valve pathology and to quantify FMR, ventricular size, and left ventricular ejection fraction. An independent echocardiography core laboratory reviewed all screening echo-cardiograms to qualify patients. Although a multidetector computed tomography scan initially served as a prescreening tool, the protocol was amended after the first 17 patients were enrolled to collect the data for information purposes only because no correlation was seen between anatomy and safety or efficacy.
Baseline data included an echocardiogram with quantitative and semiquantitative measures of FMR (vena contracta, effective regurgitant orifice area, regurgitant volume, and FMR jet area to left atrial area) and measures of cardiac dimensions (eg, left ventricular end-diastolic volume) and function (eg, ejection fraction). [11] [12] [13] Functional assessments included NYHA class and 6-minute walk distance. Quality of life was assessed by both the Kansas City Cardiomyopathy Questionnaire and the patient component of the global assessment. Additional information included chest x-ray, ECG, cardiac enzymes, and concurrent medications. Baseline variables were reassessed at both 1 and 6 months.
Safety was evaluated by the 30-day rate of major adverse events. Major adverse events were defined as the composite end point of death, myocardial infarction, cardiac perforation necessitating catheter-based or surgical intervention, device embolization, or the occurrence of surgery or percutaneous coronary intervention related to device failure. Myocardial infarction was defined as a rise in creatine kinase-MB Ն3 times the upper limit of normal measured in 8-hour intervals for 24 hours (in all patients) after the procedure. No ECG changes or symptoms were required to make the diagnosis.
Implant Procedure
The implant procedure was done with general anesthesia to facilitate intraprocedural transesophageal echocardiography. A coronary arteriogram was performed to assess for underlying coronary arterial disease. The venous phase of the arteriogram served as a roadmap for CS cannulation.
The CS was cannulated with standard techniques, and a 9F delivery catheter was positioned distal in the great cardiac vein (GCV); near the anterior commissure of the mitral valve. A venogram was performed to characterize the length of the CS/GCV and the diameter of the vein in the target location of the GCV and CS anchors ( Figure 2A ). Once the arteriovenous anatomy was characterized, an appropriately sized implant (CARILLON Mitral Contour System, Cardiac Dimensions) was selected. Deployment of the helical distal anchor involved 2 steps: retraction of the delivery catheter to allow passive expansion of the nitinol wire forms and advancement of the delivery catheter to expand the anchors to their maximum diameter. The anchors were oversized relative to the venous dimensions to apply a circumferential pressure and thereby ensure stable anchoring. After the distal anchor of the CARILLON device was deployed ( Figure 2B ), manual traction was placed on the delivery system to plicate the periannular tissue ( Figure 2C ). A combination of echocardiography and fluoroscopy was used to determine the final position of the proximal anchor. Because of the close proximity of the circumflex artery to the GCV, arteriograms were performed throughout the deployment sequence.
Before the implant was decoupled ( Figure 2D ), coronary arteriography was performed to confirm that coronary flow was not significantly compromised, and echocardiography was performed to confirm that a quantitative reduction in mitral regurgitation was achieved. In the event of coronary artery compromise or insufficient FMR reduction, the implant was recaptured by advancing the delivery catheter forward to collapse first the proximal anchor and then the distal anchor.
Before discharge, an echocardiogram and chest x-ray were performed, and blood samples were collected to evaluate complete blood count, creatine kinase, creatine kinase-MB, and creatinine. Patients who did not receive the CARILLON device were followed up through discharge and assessed for major adverse events at 30 days.
Echocardiographic Methodology
All screening, baseline, and follow-up echocardiograms were evaluated by level III cardiologists at the Echocardiographic Imaging Core Laboratory at Brigham and Women's Hospital in Boston using comprehensive standard American Society of Echocardiography criteria. 14 Regarding measures of FMR, the regurgitant jet area/left atrial area was determined from apical 2-and 4-chamber windows, vena contracta from optimized parasternal long-axis windows, and effective regurgitant orifice area and regurgitant volume from apical windows using a Nyquist limit of 30 to 40 cm/s. Left ventricular ejection fraction was determined from the modified Simpson formula, tracing endocardial borders for end-diastolic and end-systolic volumetric calculations. Mitral annular diameter was measured in the parasternal long-axis view at end diastole.
Independent Oversight
An independent data and safety monitoring board reviewed the data. An independent clinical events committee adjudicated all events contributing to the primary end point, and data coordination was performed by Harvard Clinical Research Institute (Boston, Mass). AMADEUS conformed to Good Clinical Practice guidelines and was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the competent authority and the respective ethics committees. Written informed consent was obtained from all subjects.
Statistical Analysis
For continuous variables, paired t test or signed-rank test was applied to assess change in time within 1 patient. One-way repeatedmeasures ANOVA and the Friedman test were applied for comparison between Ͼ2 points in time. For categorical variables, the Fisher exact test, 2 test, Cochran-Mantel-Haenszel row mean score, or general association was used for comparison between 2 groups. All statistical testing was based on a 2-sided ␣ϭ0.05 significance level. There was no imputation for missing data. The Seattle Heart Failure Model was used to estimate annual mortality at baseline before device implantation and at 6 months. Total cholesterol and percent lymphocytes were not collected. They were imputed to allow estimation of survival for all patients.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results

Patient Demographics
Of the 48 patients enrolled in AMADEUS, 30 received the CARILLON device ( Figure 3 ). Of the remaining 18 patients, no implant was attempted in 5 patients for varied clinical reasons (ie, CS access-related dissection/perforation [nϭ3] and screen failure [nϭ2]), and the implant was recaptured in 13 patients. In 3 of these 13 patients, slipping of the distal anchor precluded device delivery. This early experience resulted in a modification to the distal anchor whereby the anchor wire forms were twisted at the apex to increase structural rigidity, thus improving anchoring. Only 1 patient was implanted with the original design. For the 10 patients in whom the CARILLON device was successfully deployed but subsequently recaptured, there were 2 major reasons for the recapture: insufficient FMR reduction and coronary artery compromise.
The patient demographics for both the implanted and nonimplanted patients are delineated in Table 1 . Most patients were in NYHA class III with a 6-minute walk distance consistent with moderate heart failure. 15, 16 Although there were no substantive differences between the implanted and nonimplanted patients from a demographic or echocardiographic standpoint, there were 2 salient differences from a procedural standpoint. Specifically, the device was positioned on average more distal in the CS/GCV in the 30 implanted patients (distal anchor positioned 96% of the distance into the CS/GCV) compared with the 10 patients in whom the device was recaptured (distal anchor positioned 78% of distance into the CS/GCV). Similarly, during the tensioning process to create tissue plication, the CS anchor was pulled closer toward the CS ostium in the implanted patients (4.8Ϯ1 cm of displacement) compared with the 10 nonimplanted (device recaptured) patients (3.5Ϯ2 cm of displacement) (Pϭ0.097).
Safety
Two patients withdrew from the study before the 30-day follow-up. Six patients of a total of 46 (13%) in the intentionto-treat patient population experienced a total of 7 major adverse events (Table 2) . One death occurred in a 56-year-old man with a history of 3-vessel coronary artery disease, chronic renal insufficiency, and chronic obstructive pulmonary disease who had a repeat coronary angiogram the day after the implant procedure to evaluate a rise in his creatine kinase-MB level from 6 to 92 U/L. No significant change in the coronary anatomy was identified; however, the patient developed acute renal failure presumed to be due to contrast-induced nephropathy. This patient died of multisystem organ failure 22 days after the index procedure.
Two other patients had a rise in creatine kinase-MB (ie, Ͼ3 times the upper limit of normal) after the implant procedure. There were no accompanying ECG changes or clinical symptoms in either patient, and their postprocedure clinical course was uncomplicated. In 1 patient, the proximal anchor of the CARILLON device was noted to cross a small side branch (Ͻ1 mm) of the right coronary artery that ran in the atrioventricular groove.
There was no evidence of late coronary compromise in any of the patients who received a permanent implant. Specifi- 6 MWD indicates 6-minute walk distance; COPD, chronic obstructive pulmonary disease; CAD, coronary artery disease; CABG, coronary artery bypass graft; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; LVEDD, left ventricular end-diastolic diameter; and LVEF, left ventricular ejection fraction.
Table 2. Major Adverse Event Rate (Primary Safety End Point at 30 Days)
Event
Intention to Treat (nϭ48*), % (n/N) cally, there were no hospitalizations for new myocardial infarction, and there were no ECG changes suggestive of chronic device-related coronary compromise. Three patients in AMADEUS suffered either a CS perforation or dissection that qualified as a major adverse event. One patient had a dissection of the CS that resolved without any specific therapy. In 1 patient in whom the CS was perforated with a stiff guidewire, no therapy was needed, and there were no clinical sequelae with observation. The remaining patient in whom the CS was perforated after advancement of a diagnostic catheter required pericardial drainage. The 2 perforations occurred early in the study (first and fourth patients), and the resulting procedural insights were conveyed to all sites before subsequent cases.
Follow-up radiographs were performed to evaluate for device position and integrity. No indication of device movement (ie, migration or embolization) or fracture was observed.
Impact on Mitral Regurgitation
Degree of mitral regurgitation was assessed comprehensively according to strict American Society of Echocardiography standards. There was a statistically significant reduction (PϽ0.001) in each of the quantitative echocardiographic measures of mitral regurgitation, as illustrated in Figure 4 . Across the different indexes, percent reduction between baseline and 6 months ranged from 22% to 32%, thus providing corroboration of similar degrees of reduction by independent methodologies. Of note, 6 data points were missing at the 6-month time point: 2 patients died; 1 patient (listed for transplant before implant procedure) received a transplant; and 3 patients declined to return for the 6-month follow-up visit. A subset analysis of FMR reduction limited to just those patients who had 6-month data (ie, 24 patients with baseline and 6-month data) revealed a 23% average MR reduction across the 5 quantitative echocardiographic measures.
Although statistically significant reverse remodeling was not seen in the treated patient cohort, there was a trend toward reduced left ventricular end-diastolic volume and a statistically significant reduction in mitral annular diameter (Table  3) . Importantly, there was no evidence of a decrease in left ventricular ejection fraction with a reduction in FMR.
Clinical Efficacy
Functional improvement was assessed by a combination of NYHA class, exercise tests, and quality-of-life tools. The NYHA classification was reduced from an average of 2.9 at baseline to 1.8 at 6 months (PϽ0.001). For this categorical variable, 80% of patients were in NYHA class III or IV at baseline, whereas 88% were in NYHA class I or II at the 6-month follow-up. The class-specific reductions are tabulated in Table 4 . The 6-minute walk improved from a baseline of 307Ϯ87 to 403Ϯ137 m (PϽ0.001; Figure 5 ). The results of the Kansas City Cardiomyopathy Questionnaire Overall Summary Score improved from 47 to 69 between baseline and 6 months and are tabulated in Figure 6 . The patient component of the global assessment is summarized in Table  5 . Of note, 84% of patients reported some degree of improvement between baseline and 6 months, ranging from slight (24%) to marked (36%).
Mortality Prediction
Because patient management is facilitated by predictions of improved survival based on therapeutic interventions, heart failure models have been developed to predict the risk of death in specific populations. The Seattle Heart Failure Model was derived recently from a cohort of 1125 heart failure patients and was prospectively validated in 5 additional cohorts totaling 9942 heart failure patients and 17 307 person-years of follow-up. 17 The multivariate risk model is designed to allow estimation of the benefit of adding medications or devices to an individual patient's therapeutic regimen. An analysis of the baseline characteristics of the AMADEUS patients by the Seattle Heart Failure Model predicts an annual mortality of 10%, consistent with moderate heart failure patients who received a cardiac resynchronization therapy device in the Cardiac Resynchronization in Heart Failure (CARE-HF) study. 18 An analysis of the 6-month data characteristics predicts an estimated annual mortality of 7% (31% relative reduction compared with baseline; Pϭ0.004).
Discussion
The main findings of the present study are that CS-based annuloplasty for FMR is feasible, is associated with a low rate of major adverse events, and results in improved exercise tolerance and quality of life.
This study is the first to address the potential role of percutaneous intervention designed specifically to reduce FMR in patients with heart failure. Although no prospective surgical trials have been conducted to evaluate the effects of mitral annuloplasty in isolation on patients with FMR, several complementary pieces of data support the use of interventions that may reduce FMR. For example, Badhwar and Bolling 8 showed that surgical reduction in FMR with an undersized flexible annuloplasty ring was associated with an improvement in NYHA (3.2 to 1.8) and an improvement in ejection fraction, cardiac output, and end-diastolic volumes. A recent analysis of echocardiographic data from the Valsartan in Acute Myocardial Infarction (VALIANT) trial showed that a 1% increase in FMR jet area/left atrial area increased the odds of death or hospitalization for heart failure. 19 Despite the superior and variable position of the CS relative to the mitral valve annulus, FMR reduction was achievable in the majority of patients. Using a series of echocardiographic assessment tools to quantify the influence of device placement on the severity of mitral regurgitation, we showed that the degree of FMR reduction ranged from 22% to 32% at 6 months. These assessments, which were performed at rest, included multiple semiquantitative and quantitative measurements and were facilitated by an independent core laboratory. Given the dynamic nature of FMR, 20 -22 the changes in resting FMR may underestimate the magnitude of the change that might be seen under conditions of exercise and stress, possibly correlating with the marked improvement in the 6-minute walk seen in our study. Other approaches such as cardiac resynchronization therapy are 
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known to improve FMR and have been shown to attenuate the effect of exertion on MR severity. 23 Our study showed that device placement was accompanied by a marked improvement in 6-minute walk distance. Although several potential limitations are recognized with the 6-minute walk test, it continues to be widely used in evaluating the impact of interventions on heart failure. 24 -26 In the present study, we observed an average improvement in the 6-minute walk of 96 m, in contrast to the 39-m improvement seen in the intervention group of the Multicenter InSync Randomized Clinical Evaluation (MIRACLE) trial for cardiac resynchronization. The present study is limited by the fact that a control group was not included, limiting our ability to account for any potential placebo effect. Of note, however, in the MIRACLE trial, the placebo effect on 6-minute walk was an improvement of 10 m (95% confidence interval, 0 to 25 m). 25 In contrast, in our study, 19 of the 23 patients with 6-month follow-up had Ն25-m improvement in their 6-minute walk (Figure 7 ), greater than that which could reasonably be attributed to a placebo effect. In support of these observations, we noted similar quality-of-life trends in the 7-point Likert score of the patient component of the global assessment in which 84% of patients showed various degrees of symptom improvement. Furthermore, the Kansas City Cardiomyopathy Questionnaire 27 documented a 22-point change in overall qualify-of-life improvement. The clinical significance of a change of this magnitude is underscored by a recent study that showed that a 5-point change in patients with heart failure after acute myocardial infarction correlated with both all-cause mortality and cardiovascular mortality or hospitalization. 28 The existence of a subset of nonresponders in our study is not surprising, given reports that surgical annuloplasty has an 80% responder rate 29 and cardiac resynchronization therapy has a comparable responder rate. 18, 25, 26 Interestingly, neither demographic nor echocardiographic parameters were clearly predictive of procedural success. Rather, the procedural steps of placing the device further distal in the CS/GCV and applying more traction to plicate more tissue were associated with procedural success. With additional clinical experience, benefits such as reverse remodeling may be found to occur in selected patients treated with percutaneous mitral annuloplasty. Reports from Braun et al 7 have shown that reverse remodeling after surgical annuloplasty and surgical revascularization was associated with an left ventricular end-diastolic diameter Ͻ65 mm.
In the present study, the observed major adverse events confirm that there is a learning curve to access the CS (similar to that seen in the cardiac resynchronization therapy literature 25, 26 ), but once the procedural skills are acquired, the risks for this therapy are low. Careful management of this high-risk patient population during the procedure (eg, judicious contrast use, modest fluid administration) is important. A separate area of potential concern has been the possibility of coronary arterial impingement by a device placed under tension in the CS. 10 Careful assessment of coronary arterial flow is required in the event that device recapture and repositioning are required. Coronary arteries were crossed in 36 of the 43 implant attempts. For the 17% of implants in which a significant compromise of a coronary artery was observed, the device was recaptured without sequelae. Chronic device-related adverse events, including clinical ischemic events or myocardial infarction, were not identified in any patients.
The present study was a first-in-human feasibility and safety trial. Limitations include the lack of a randomized, blinded control group with whom to compare safety and efficacy results. Future studies may evaluate not only the long-term durability of this type of therapy but also the merits of improved patient selection and optimal timing of intervention.
Conclusions
These data show for the first time that percutaneous placement of a mitral annuloplasty device based in the CS (CARILLON Mitral Contour System) has the potential to safely and significantly treat FMR in patients with heart failure with resultant symptomatic benefit. Further studies are required to define the long-term efficacy of the therapy, optimal timing for intervention, and effects on survival. 
